INTRODUCTION
Changes in genomic DNA methylation occur during the course of normal development, and the epigenetic regulation of gene expression by methylation is thought to be an important mechanism in the determination of cell fate during embryogenesis (1±4). In contrast, aberrant DNA methylation is a hallmark of cancer in higher organisms. Most of the 5¢-methylcytosine in mammalian DNA, however, resides in repeat sequences that represent 37.5% of the mouse genome, such as the long terminal repeats (LTRs), which are specialized intragenomic parasites (5, 6) . Repetitive sequences and some oncogenes have been found to be hypomethylated whereas tumor suppressor genes have been found to be hypermethylated and silenced in cancer (7) . Current research indicates that DNA methylation is a complex process and is mechanistically connected to other aspects of chromatin structure. Recent studies have identi®ed several new protein partners for the DNA methyltransferases (Dnmtases) and indicate how they can be targeted to speci®c genomic regions to methylate DNA and silence gene expression. DNA methyl transferases have been shown to associate with CpG binding proteins, histone deacetylases, histone methyltransferases and SNF-2-like ATPases, all of which have roles in altering chromatin structure (1, 7, 8) . All of these phenomena have been implicated as mechanisms that contribute to the normal and abnormal development of the phenotype in higher organisms. The detection and interpretation of these DNA methylation patterns is expected to lead to a more complete and clearer understanding of the complex epigenetic biology (1, 2) .
Many approaches have been developed for the detection of DNA methylation, which can be divided into two categories. One approach involves gene-by-gene analysis. The other approach uses global analyses such as methylationsensitive representational difference analysis (MS-RDA), methylation-sensitive arbitary primed PCR, methylationspeci®c oligonucleotide microarray and restriction landmark genomic scanning (RLGS) (9±13). Although there are currently enormous efforts underway to screen for DNA methylation in the genome, complementary genome-wide global approaches to identify the target methylated sequences are urgently needed. It is also very likely that the gene-by-gene approaches will not be able to identify all biologically important methylation sites, since the function of~50% of the genes is unknown (14) and relatively low frequency methylation polymorphisms, or sporadic de novo methylation, may cause biological phenomena. RLGS is a method for the two-dimensional display of end-labeled DNA restriction fragments (15) and has been shown to be an unbiased method for DNA methylation scanning to identify changes in methylation status (16±18). The twodimensional DNA electrophoresis pattern has been predicted from clone sequence information (19) and applied to prototype virtual image (Vi)-RLGSs using human genome sequence data (20, 21) . If the restriction landmark enzyme used is methylation sensitive, RLGS in conjunction with Vi-RLGS can be used to compile a map of genomic sites that are methylated (referred to as a`methylation map'). Here we present a broadly applicable Vi-RLGS software package that was used to develop a`methylation map' in the Arabidopsis genome and extended to the analysis of a mammalian genome.
MATERIALS AND METHODS

RLGS reaction
RLGS was performed according to published protocols (15) . Brie¯y, non-speci®c broken ends of 1±3 mg of genomic DNA were blocked in a 10 ml reaction by the addition of nucleotide analogs (aS-dGTP, aS-dCTP, ddATP, ddTTP) with 2 U DNA polymerase I (37°C, 20 min) followed by enzyme inactivation (65°C, 30 min). The pH of the buffer was adjusted and the DNA digested (37°C, 2 h) with 20 U NotI (Promega). Sequenase (version 2.0, U.S.B.) was used to ®ll in the NotI ends with [a-32 P]dGTP and [a-32 P]dCTP (Amersham) by incubating for 30 min at 37°C. The labeled DNA was digested (37°C, 1 h) with 20 U of a second restriction enzyme and a portion separated by electrophoresis through a 60 cm long, 0.8% agarose tube gel (®rst-dimension separation). The agarose tube gel was then equilibrated in the third digestion buffer, and the DNA was digested in the gel with the third enzyme at 37°C for 2 h. The agarose gel was placed horizontally (rotated 90°relative to the ®rst direction of electrophoresis) across the top of a non-denaturing 5% polyacrylamide gel, connected to the polyacryamide gel with molten agarose and the DNA separated by electrophoresis in the second dimension. The gels were dried and exposed to X-ray ®lm in the presence of intensifying screens (Quanta III, DuPont) for 2±10 days. Duplicate analysis was performed for each sample.
Virtual image RLGS (Vi-RLGS)
The software is capable of managing 10 10 bp of sequence data in GenBank or FASTA format retrieved through any database, picking up the ®rst line of necessary information such as accession number and chromosomal location, calculating fragment lengths for the ®rst and second dimensions, visualizing the spot on the two-D pattern, and presenting the fragment sequence after clicking on the spot. To compute the mobility of each DNA fragment, we used Southern's method (22) , in which the reciprocal of mobility (M) plotted against fragment length (L) is linear (L = 1 / M). In addition, ®ve known data points were obtained from electrophoresis (RLGS) of the 1 kb ladder (TaKaRa 3412A; 6 and 12 kb) in the ®rst dimension, and the 100 bp ladder (TaKaRa 3407A; 100, 800 and 1500 bp) in the second dimension. We also con®rmed the precision of the mobility of those spots in the agarose and polyacrylamide gels by comparing the relative mobility obtained from other spots. The mobility of a given sequence length in X and Y dimensions are therefore calculated by using the above-mentioned reference standards and equations. Mouse sequences are obtained from Celera and public databases. Arabidopsis sequences are from the Arabidopsis Information Resource (TAIR). Vi-RLGS is freely available for the academic user through the web site at http://ftp.cancergenetics.roswellpark. org/nagase. Repetitive sequences were screened by Repeat Masker developed by A. F. A. Smit and P. Green. It is available at http://ftp.genome.washington.edu/RM/Repeat Masker.html.
Correspondence between real and virtual RLGS loci DNA was eluted from RLGS spots in 0.5 M ammonium acetate, pH 8, 1 mM EDTA (150 ml) (37°C overnight), precipitated with 2.5 vol. of cold ethanol with 1 mg of glycogen (±70°C overnight) and resuspended in 10 ml of 10 mM Tris±HCl, pH 8.0, 1 mM EDTA buffer. After optimization of PCR conditions using C57BL/6J genomic DNAs, we ampli®ed 1 ml of each DNA by PCR (35 cycles) using primers derived from the sequences predicted by Vi-RLGS. The identity between real and virtual`spot' sequences was con®rmed by molecular weight (2% agarose gel) and by sequence analysis of the PCR product.
Bisul®te sequencing
Brie¯y, 2.5 mg of DNA from normal tissue was digested with 5 U EcoRV and then denatured in 0.3 M NaOH (20 min at 42°C). Freshly prepared sodium bisul®te (pH 5.0, 208 ml, 3.6 M) and hydroquinone (12 ml, 10 mM) was added to the denatured DNA in a ®nal volume of 240 ml and then incubated for 18 h at 55°C. DNA was puri®ed using the MARRLIGEN Matrix Gel Extraction System and eluted in 100 ml of sterilized water. NaOH was added to a ®nal concentration of 0.3 M and incubated (15 min at 37°C). After neutralizing the samples with 3 M ammonium acetate (pH 7), the DNA was precipitated and resuspended in 10 ml of sterile water. Duplicate PCRs and direct sequencings were performed using 1 ml of each bisul®te-treated DNA.
Data deposition
Arabidopsis genome sequence was obtained from TAIR (http://www.arabidopsis.org/). The August 2002 Celera Database scaffold sequences were commercially available at http://www.celera.com. C57BL/6J mouse sequences were from Ensembl Trace Server (http://trace.ensembl.org/). The February 2003 freeze of the University of California, Santa Cruz version of the draft assembly of human genome was available at http://genome.ucsc.edu. Mouse RLGS spot mapping data were available at http://genome. gsc.riken.go.jp/RLGS/RLGShome.html. Repetitive sequences were found by Repeat Masker at http://ftp.genome. washington.edu/RM/RepeatMasker.html.
RESULTS
The Arabidopsis genome as a model genome to test Vi-RLGS Arabidopsis thaliana is a small¯owering plant that is widely used as a model organism in plant biology. The whole genome has been sequenced (23) and has a total size of 125 Mb, which is the size of an average-sized mammalian chromosome. We initially used the Arabidopsis genome sequence and NotI in combination with EcoRV and MboI to display a Vi-RLGS pro®le (see Supplementary Material, Fig. S1 ). An example of a Vi-RLGS pattern and the corresponding real RLGS pattern is shown in Figure 1 . The sequence analysis of`spot DNA' eluted from the RLGS gel demonstrated that the location of many spots was exactly as predicted using the Vi-RLGS algorithm (data not shown). There is, however, a difference in the number and the pattern of some spots between the real and virtual RLGS images. The red arrowheads in Figure 1b indicate spots that are present in the virtual RLGS pro®le but absent, or present as faint signals, in the real RLGS pro®le. To con®rm the in¯uence of 5¢-methylcytosine on NotI landmark detection, methylation-sensitive PCR was performed on genomic DNA using primers specifying the region surrounding the NotI fragments indicated by arrows in Figure 1b . Figure 1c shows the PCR assay of eight loci. The loci corresponding to spots 4T16H5 and 4F13C5, that are present in the real RLGS pattern, were not ampli®ed (since the NotI site was digested), and loci not visible or only weakly visible spots, 2F26H6, 3T28A8, 2F12C20, 4T24H24, 5T20L15 and 5MTH12, were ampli®ed since the NotI site was methylated and therefore not cut. Sequence analysis of the cloned DNA fragments con®rmed that they represented the NotI sites in the target DNA region predicted by Vi-RLGS.
The RLGS analysis was also carried out on Arabidopsis plants with hypomethylated DNA generated following growth MboI) . Vi-RLGS spots are de®ned in the pro®le with the chromosome number (the ®rst bold and underlined numerical number) and clone ID (the following ®ve to six digit code). Red arrows in (b) indicate invisible or very faint spots in the real RLGS that were predicted from virtual RLGS. A yellow arrow indicates an example where no corresponding spot is seen in the Vi-RLGS. This may be due to incomplete sequence information. (c) PCR ampli®cation designed for two unmethylated (in 4T16H5 and 4F13C5) and six methylated (in 2F26H6, 2F12C20, 3T28A8, 4T24H24, 5T20L15 and 5MTH12) NotI sites whose methylation status in the genome is predicted by subtraction between Vi-RLGS and real RLGS. The BAC/PAC ID numbers following the chromosome number are indicated on each lane. PCRs are performed for NotI digested (±NotI) and undigested (±) Arabidopsis genomic DNAs. Primers designed to amplify an~1-kb sequence containing the NotI sites predicted by Vi-RLGS were synthesized. If ampli®cation products are produced (+) in NotI digested DNA, and the products have a NotI site, this means that the NotI sites are methylated and the virtual RLGS spot will not be detected in the real RLGS pattern. in the presence of 5-aza-2¢-deoxycytidine, which results in a 22% overall reduction in methylation. Spots 2F26H6, 3T28A8 and 2F12C20 (Fig. 1c) , which are present in the virtual pro®le, but absent in the real RLGS pro®le from untreated plants, were present in the real RLGS pattern from the hypomethylated plants. These results further support the notion that their absence from the`real' RLGS pro®le is due to DNA methylation.
Physical mapping of methylation sites in the whole Arabidopsis genome (methylation map)
To ®nd spots present in virtual pro®les and absent in real RLGS patterns requires extensive analysis of methylated regions in Arabidopsis genomic DNA. Despite a few discrepancies in the centromere regions (data not shown), the comparison of virtual and real RLGS patterns and subsequent methylation-sensitive PCR assays demonstrated that 34.5% of all NotI sites in the Arabidopsis sequence database were methylated in the genome. Figure 2 shows the latest draft of the Arabidopsis methylation map for leaf DNA. We then analyzed the sequence of methylated regions using Repeat Masker. Almost half of the methylated NotI sites were within or close to repetitive sequences.
Application of Vi-RLGS to mammalian genomes
We next applied the Vi-RLGS software directly to the mouse genome, using a NotI±PstI±PvuII combination (see Fig. S2 ).
Comparison of a sample ®eld from C57BL/6J liver DNA identi®ed approximately 1460 spots in real RLGS compared with 2170 spots in the same ®eld of the virtual pattern. For instance, although the 1-F spot is not present in the real RLGS pattern (Fig. 3a) , primer pairs for the predicted sequence still produce a PCR product from genomic DNA (Fig. 3b) in Figure 3 . This spot sequence is highly homologous to LTR sequences detected by Repeat Masker. Bisul®te sequencing con®rmed that the two CpGs in this NotI site were completely methylated in genomic DNA (Fig. 3c) . Thus, this NotI site would not be cut or end-labeled and would therefore not appear in the real RLGS pro®le. The vast majority of the`extra spots' in the virtual pro®le are derived from repetitive sequences, which would be expected to be methylated, and absent in the real pro®le. Consequently, 497 virtual spots predicted to be within repetitive DNA by Repeat Masker were removed from the pro®le (see Fig. S2 ). We con®rmed the identity of 21 of 22 real spots in two regions of the RLGS pro®le (Figs 3a and 4) by sequence-speci®c PCR, using primers determined from the virtual sequence. One real RLGS spot (Fig. 4, arrow) could not be identi®ed in the virtual RLGS patterns, before or after removing the repeat sequences. Presumably this is due to incomplete sequence information. Tissue-speci®c methylation detection by real RLGS in conjunction with Vi-RLGS Using Vi-RLGS, loci that have apparent tissue-speci®c differences in DNA methylation can be identi®ed. A locus that shows reduced intensity in the C57BL/6J liver was identi®ed from duplicate real RLGS NotI±PstI±PvuII patterns. The virtual sequence identi®ed a genomic region around a NotI site located in a 3¢ CpG island associated with the Adra1b gene. Bisul®te sequencing indicated that this region is methylated in liver but not in kidney (Fig. 5) . Thus, the combination of virtual RLGS and real RLGS is a powerful technique to scan the methylation status at thousands of methylation-speci®c enzyme sites in mouse genomic DNAs.
DISCUSSION
In this study, we successfully applied Vi-RLGS to determine the methylation status of all the NotI sites in the A.thaliana genome (23) . Interestingly, methylation sites were not distributed uniformly at NotI sites in the Arabidopsis genome but rather tended to cluster close to the centromere. There are a substantial number of methylated NotI sites that do not correspond to repeat sequences and therefore are potential gene-regulation regions both in Arabidopsis and the mouse (data not shown). Thus, RLGS, in conjunction with in silico analysis, has the potential to screen the genome for sites of differential methylation and potentially identify gene regulatory regions in any given tissue. By using genomic sequence information and appropriate RLGS enzyme combinations, the methylation status of RLGS loci within speci®c target genes can be determined.
There are several ways to explain discrepancies in the number and pattern of spots between the real RLGS and virtual images: (i) the genome sequence is incomplete, (ii) spontaneous polymorphisms, (iii) DNA methylation, (iv) a double-strand DNA conformation which may result in aberrant migration in an acrylamide gel. The vast majority of differences between real and virtual patterns, however, appear to be due to either (iii) or (iv). Anomalous spot mobilities in polyacrylamide matrixes have been reported (24, 25) . Discrepancies between Vi-RLGS and real RLGS pro®les, therefore, arise not only from the methylation differences but also from migration differences in the polyacrylamide gel. Approximately 20% of spots migrate faster or slower in RLGS gels than predicted by the molecular weight of the DNA. Since most of the differences between real and predicted mobility are relatively small, there is generally little problem in identifying the corresponding real and virtual RLGS spots if the spot pattern is not too dense (Fig. 1) . It becomes more dif®cult, however, in the more complex mouse pattern shown in Figure S2 . However, previous work has genetically mapped more than 2000 RLGS loci (26) that will greatly aid in the identi®cation of the corresponding real and virtual RLGS loci. For these loci, the virtual sequence should physically map to the same chromosomal region as identi®ed by the genetic mapping of real RLGS loci. (Tentative sequence information of mapped loci are available on request.) In addition, many landmark enzymes can be used for RLGS and Vi-RLGS can create any virtual RLGS pattern. Thus, this methodology has great potential for determining the DNA methylation status within the genome.
Epigenetic regulation of gene expression by means of DNA methylation has an important role in development (1) . Transitions between silent and transcriptionally competent chromatin states are dependent on a balance between factors that sustain a silent state, such as HDACs, and those that promote a transcriptionally active state, such as HATs (27) . Disturbances of any of these components may shift the balance between an active and a silent chromatin conformation, resulting in an altered transcriptional state. Genomic methylation status also undergoes changes, especially during development. In mouse, RLGS analysis has identi®ed at least 48 spots with distinct intensity difference between kidney and Figure 5 . Differential methylation in tissue development. Real RLGS pro®les from C57BL/6J liver and C57BL/6J kidney genomic DNA. The spot indicated by the arrow is very faint in liver genomic DNA. The spot DNA sequence was con®rmed by PCR of spot DNA eluted from the kidney genomic DNA gel using primers determined from the virtual sequence. Bisul®te sequencing of the liver genomic DNA indicates that the two CpGs at NotI sites and two adjacent sites are highly methylated (underlined).
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liver genomic DNAs prepared from the same mouse. We con®rmed that one spot corresponds to the 3¢ non-coding region of the Adra1b gene (Fig. 5) . Such tissue-speci®c methylation may induce altered transcriptional states between tissues and determine the cell fate. The application of whole genome methylation analysis by Vi-RLGS to the Arabidopsis and mouse genomes provides a novel method for identifying speci®c differences in DNA methylation associated with alterations in chromatin structure that are associated with important biological phenomena such as differentiation, proliferation, aging and diseases such as cancer.
